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GALAXY CLUSTERS ARE SHY ABOUT THEIR MASS

Richness
Dynamics
Caustics
Lensing
Sunyaev-Zel’dovich
X-ray
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DUNKLE MATERIE IN THE COMA CLUSTER

Distance

Size

Dynamical mass

Mass-to-light ratio of ~500 is much larger than stellar systems

(Zwicky 1937)



Dynamical mass

Luminous mass

Redshift and distance

COMA CLUSTER

(SDSS + Spitzer)



DYNAMICAL MASS

When a scaling relation is used to infer cluster mass from velocity dispersion, the 
error distribution is broad and has extended high-error tails.



Why should we use velocity dispersion to infer dynamical mass?

Ntampaka, HT, Sutherland, Battaglia, Poczos, & Schneider, A Machine Learning 
Approach for Dynamical Mass Measurements of Galaxy Clusters, 2015a, ApJ, 803, 
50

Ntampaka, HT, Sutherland, Fromenteau, Poczos, & Schneider, Dynamical Mass 
Measurements of Contaminated Galaxy Clusters using Machine Learning, 2015b, 
ApJ in press, arxiv:1509.05409



PDF OF GALAXY VELOCITIES

The velocity distribution contains more information about a cluster’s mass than 
simply the velocity dispersion or higher-order moments like skewness and kurtosis.



DYNAMICAL PHASE-SPACE

Two clusters with different masses can have similar velocity dispersions (and vice 
versa).



SUPPORT VECTOR/DISTRIBUTION MACHINES

SVM:  train on data vectors, separate objects by decision boundary in feature space, 
used for classification and regression

SDM:  train on distributions, calculate kernel/basis matrix and coefficients analogous 
to least-squares minimization, regression to predict a scalar (i.e. mass)

Galaxy cluster features:  line-of-sight velocities, projected radii, …



MOCK CLUSTER CATALOGS

MultiDark N-body simulation
• L = 1 Gpc/h,   Ndm = 57 billion

• Mhalo > 1014 Msolar/h,   Msubhalo > 1012 Msolar/h

Spherical catalog
• Spherical aperture

• r < R200c

• Ngalaxy > 20

• w/o rms errors of 100 km/s

• Pure and complete galaxy membership

Cylindrical catalog
• Cylindrical aperture

• R < 1.6 Mpc/h

• vlos < 2500 km/s

• w/o rms errors of 100 km/s

• Contaminated and incomplete galaxy 
membership



MASS ERROR DISTRIBUTION

Simple analysis using a powerlaw scaling relation yields a wide fractional mass error 
distribution.



MASS ERROR DISTRIBUTION

SDM reduces the width of the fractional mass error distribution by a factor of more 
than 2.



MASS ERROR DISTRIBUTION

Simple analysis using a powerlaw scaling relation yields unwanted high-error tails.



MASS ERROR DISTRIBUTION

SDM effectively eliminates the problematic high-error tail.



ADDITIONAL WORK

Apply machine learning to observed clusters

• e.g.  Coma has over 700 galaxies within R < 2 Mpc and |v| < 2500 km/s

• Chen, Ntampaka, et al in prep

Why should we predict just a mass with machine learning?

• Train on multi-wavelength images e.g. optical, SZ, X-ray

• Predict the corresponding image of the projected mass density



Why should we count clusters as a function of mass?

Ntampaka, HT, Cisewski, & Price, The Velocity Distribution Function of Galaxy 
Clusters as a Cosmological Probe, 2016, submitted to ApJ, arxiv:1602.01837



COUNTING CLUSTERS BY MASS

The halo mass function can be used to measure the dark matter and dark energy 
mass-energy densities and the normalization of matter perturbations.



COUNTING CLUSTERS BY MASS

The halo mass function quantified using dynamical masses with is significantly biased 
prior to accounting for Eddington bias.



WHY USE A SINGLE NUMBER TO REPRESENT A CLUSTER?

Halo mass function (HMF)

• Defined as the comoving number 
density of halos per unit mass              

• A given cluster is represented by a 
single value or a likelihood for mass

• Bin N clusters in a known volume V

Velocity distribution function (VDF)

• Defined as the comoving number 
density of halos per unit velocity/speed

• A given cluster is represented by the 
PDF of galaxy velocities/speed

• Stack N ranked clusters in a known 
volume V



COUNTING CLUSTERS BY VELOCITIES

The velocity distribution function of galaxy clusters is constructed by summing the 
PDF(v) for N clusters in a known volume V.



COUNTING CLUSTERS BY VELOCITIES

The velocity distribution function can be measured more accurately than the halo 
mass function with dynamical masses.



COSMOLOGICAL PARAMETERS
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Idealistic analysis using spherical catalogs with true masses and velocities



COSMOLOGICAL PARAMETERS
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Simple analysis using spherical catalogs with measurement errors



COSMOLOGICAL PARAMETERS

The VDF constrains the parameter combination:
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CONCLUDING  THOUGHTS

What spectroscopic observations can be used to measure the VDF?

• HeCS-SZ by Rines et al (2015)

• Followup observations of optical clusters from e.g. DES, HSC

• Followup observations of SZ clusters from e.g. AdvACT, SPT-3G

What is the distribution of observables for other mass proxies?

• Lensing:  PDF of smoothed shear/convergence (see also Liu et al. 2015)

• SZ:  PDF of temperature distortions (see also Hill et al. 2014)

• X-ray:  PDF derived from mass profiles


